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FOREWORD

This report was prepared by the Douglas Aircraft Company, Inc., Missile
and Space Systems Division, Santa Monica, California, under Contract

No. AF 33(615)-3514 and under the direction of the Air Force Flight Dynamics
Laboratory, Research and Technology Division; Froject No. 8225, Task

No. 822510, and BPSN 6(638225 62405364). The Program Monitor is

Vernon R. Schmitt/FDCL.

This report covers the period from 1 March 1966 to 1 January 1967, and is
submitted May 1967 in fulfillment of the above contract. It is catalogued at
Douglas as DAC-60576.

This technical report has been reviewed and is approved.

“ H. W. Basham, Chief

Control Elements Branch
Flight Control Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

The servo actuating and corresponding energy distribution subsystem com-
prise approximately 86%of an aircraft's flight control system weight. Con.
sequently, whenever subsystem tradeoff studies are conducted it is desirable
to select the optimum design with respect to weight and other similar param-
eters. This study investigates and develops such an optimal design process.
A sample problem was selected an an optima! technique formulated and
applied to the problem. The sample problem was a fixed-configuration
hydraulic actuation and power system. The study objectives were to optimize
weight, dollar cost, size, dynamic performance, and reliability as a functior
of the system's independent design parameters. The parameters included
pressure, actuator area, actuator torque arm, and plumbing tube sizes.
Parameter optimization was accomplished by fixed grid and random search-
ing techniques. Within the framework of parameter optimization, a design
philosophy was formulated which allowed dissimilar terms (e. g., weight in
pounds and dollar cost in dollars) to be combined to form a total performance
criterion for the system. When the optimization technique was applied to the
sample problem, the performance criterion showed little variation as a func-
tion of the parameters being optimized. All of the cost functions had large
nominal values and only slight variations about this nominal. To realize the
potential of the design technique developed in this study, different design
concepts and possible variations of each one shculd be considered, to reach a
more meaningful optimum design.

This document is subject to special export controls and each
transmittal to foreign governments or foreign nationzls may
be made oaly wilth prior approval of the Air Force Flight
Dynamics Laboratory, Air Force Systems Command, United
States Air Force.

e cemtrems e —

S s e 3




SECTION

v

Vi

APPINDIX I

AFPPENDIX 1L
APPENDIX I
APPENDIX IV

CONTENTS

INTRODUCTION

1. Background
2. Approach

DESIGN PROBLEM

l. State-of-Art Survey
2. Sample Problem
3. Mathematical Model

OPTIMIZATION TECHNIQUE

1. Problem Statement

2. Cost Function Development
3. System Performance Index
4. Computer Programs

APPLICATION

l. Cost Functions .
2. Emphasis Coefficients
3. Optimization Process

4. Results of the Random-Sesarch Technique

EVALUATION

l. General
2. Technique Evaluation

CONCLUSIONS AND RECOMMENDATIONS
REFERENCES |
STLADY STATE MODEL RELATIONSHIPS
DYNAMIC MODEL RELATIONSHIPS

NO. i1 COMPUTER PROGRAM

NO. 2 COMPUTER PROGRAM

PAGE

107
113

127




i

=

FIGURE

N N O N W N -

[ 2NN + S TR o TR o B N e S T T T =y S S Ry SR R
B WY~ O O 00NN Wy~ O

25
26

ILLUSTRATICNS

General Flight Control Actuation System
Hydraulic System Schematic

Variable Delivery, Variable Angle Pump
Spherical Type Accumulator

Boot Strap Reservoir

Valve Actuator Package--Side View
Valve Actuator Package--Top View
Elevator Mechanical Linkage Schematic
Integrated Square Error Generation
Resonant Frequency Root Locus

Weight Cost Function

No. ! Computer Flow Diagram

No. ¢ Computer Filow Diagram

Dynamic Performance Function
Alternate Dynamic Performance Func‘ion
Weight as a Function of Pressure

Space Factor as a Function of Presgsure

Weight as a Function of Moment Arm

Space Factor.as a Function of Moment Arm

P.I. as a Function of Pressure
P.1. as a Functionu of Moment Arm

Weight as a Function of Pressure

Weight, ISE, Size Factor, Cost as a Function of Area

Weight, ISE, Space Factor, Cost as a Function of

Mormeni Arm Length
Weight as a Function of Pressure

Cost as a Function of Preossure

PAGE

11
12
13
14
15
17
18
22
26
27
3l
32
34
35
35
36
36
37
40
41

42
43
43

vil

SRS R————




viil

FIGURE

27
28
29
30
31
32
33
34
35
36
37
38
38

40
41
42
43
44
45
40

47
48

49

ILLUSTRATIONS (Continued)

Pump Weight Data

Pump Cost Data

Pump Jize Data

Pump Failure Rate
Pump Response Time
Accumulator Weight Data
Reservoir Weight Data
Reservoir Cost Data
Reservoir Size Data
Plumbing Weight Data
Plumbing Cost Data
Tubing Pressure Loss Data/Foot

Tubing Pressure Loss Data/Foot at a Fluid
Temperature of -40°F

Actuator Schematic

Actuator Weight Data

System Pressure Disiribution

Adiabatic Bulk Modulus of MIL-H-5506A
Actuator Cylinder Elasticity

Nonlinear Dynaraic Model

Valve-Actuator-Load Open-Loop Frequency
Response (10%Input)

Linearized Dynaraic Model

Valve-Actuator-Load Open-Loop Frequency

Response {10% Irput)

Weight Subtoutine Logic

PAGE
55

57
58
60
62

65

67
76

80
82

85
88
89
96
102
106
108

109
111

112
114

e




o

TABLE

TABLES

Pump Summary Sheet

Accumulator Summary Sheet

Reservoir Summary Sheet

Tubing Summary Sheet

Standard Plumbing Sizes

Plumbing Sizcs as a Function of System Pressure
Actuator Summary Sheet

DC-8 Actuator Leakage Failure Data

Valve Summary Sheet

Valve Actuator Summary Sheet

System Elasticity Summary Sheet
Fluid Elasticity Summary Sheet
Actuator Cylinder Elasticity Summary Sheet

Mechanical Linkage Summary Sheet

PAGE

54
59
63
63
76
78
87
91
92
94
100
101
104
195

3
1

i | —

| .




|

SYMBOLS

PARAMETER

Pump
Weight
Flow
Cost
Size
Reliabiiity

Accumulator
Weight - or
Cost [:
Size
Reliability

Reservoir
Weight
Cost
Length
Diameter
Reliability

Tubing
Weight
Cost
Reliability
No. 1 steel
No. 2 steel
No. 1 aluminum
No. 2 aluminum
Total pressure loss at 120°F
Total pressure loes at -40°r
Total fluid wzight
Length
Flow
Per foot of length
Inside diameter
One-half maximum rate
Maximum rate

Tubing diameter
No. | steel
No. 2 steel
No. 1 aluminum
No. 2 aluminum

SYMBOL
Py

AC

-

% a
w<n€n ReODg

RE -~

ROMOg

AL}

DP4

S2
AL)

e e i s e




xii

SYMBOLS {Continued)
PARAMETER

Tubing pressure loss (indiridual linej
No. 1 steel at 120°F
No. 2 steel at 120°F
No. ! aluminwun at 120°F
No. 2 aluminum at 1290°F
No. 1 steel at -40°F
No. 2 steel at -40°“F
No. 1 alumiinum at -40°F
No. 2 alumsinum at -4(°F

Tubing fluid weight (individual line)
No. 1! steel
No. 7 steel
N-. 1 aluminum
No. 2 aluminum

Actuator
Weight
Length
Pressure drop (calculated)
Pressure drop (aasumed)
Stroke

Valve assembly
Weight
Weight at 3, 000 pei
Maximnum pressure drop

Valve actuator package
Weight
Cost
Reliability

Fluid
Temperature
Elasticity

Actuation systein
Mechanical linkage weight
Actuator cylinder elasticity
Systermn elasticity
Supply nressure {nominal)
Supply pressure (off-nominal)
Valve flow per actuator
Actuator piston area (nominal)
Actuator piston area {off-nominal)

SYMBOL

DFP
S1
£2
AL}
AL2
Sl4
524
ALl4
AL24

TFW
S!

ALl
Al2

ACT
“'

DpP
DP1
VAS

w3
DPM

VAP

%O %

FL

L

MLW
CYE

PNOM
PRES

ANOM
AREA

T e

A e . A T P e £




o

SYMBOLS (Continued)
PARAMETER

Total hinge moment (per tandem actuator)
Hinge moment per actuator

Design hinge moment per actuator

Torque arm length (nominal)

Torque arm length (off-nominzl)
Maximum control surface deflection
Coutrol surface velocity

Control surface moment of inertia
Resonant frequency

M

SYMBOL

HMT
HM
HMD
RNOM
R
DELMX
DELD
AYE
WN




SECTION1
INTRCDUCTION

1. BACKGCROUND

For each advanced aerospace vehicle, tradecoff studies are performed to
develop the best design for the establisbed requirements. So that the trade-
off studies are meaningful, the subsystem and systemn designer must have
realistic information, particularly on weight and performance. In the area
of servo-actuating subsystern design, this information often is based solely
on an individual's educated guess rather than on an established technical
method. This policy allows the bias from the designer's background and
experience to influence the systern design; also, often it is difficult to deter-
mine whether the selected design is optimum with respect to those factors
that are used to judge a particular design, such as weight, performanr e,
size, cost, and reliability.

The purpose of this study was to investigate the selection of parameters for
an optimum, actuation-system design for a fixed-configuration system. This
optimization procedure is commonly called "parameter optimization.' This
is only one small portion of the optimal design problem. For a truly optimal
design, i* would be necessary to consider different design concepts. Within
the framework cf parameter optimization, a design philcsophy was formu.
lated that allowed dissimilar terms (e. g., weight in pourds and dollar cost
in dollars) to be combined to form a total performance criterion for the
system. The results of this work were applied to a sample problem.

This study concentrates on the muscle portion of the servo-actuating subsys-
tem; that is, the energy source and the valve actuator. The reascn for
deciding on this subsystem was that the majority of the flight-control system
weight is associated with the acteation and power supply system. For
exarnple, the estimated weight breckdown for Douglas's proposed C-5A
flight control system is as follows:

Auto-
matic
Pilot| Flight
Con-{Control Actuation Flight Control
trols| System Systems Hydraulic System
3% 16% 40% 41%

With regard to the titles i~ the above chart, PILOT CONTROLS and AUTO-
MATIC FLIGHT CONTROL JYSTEM are self-explanatory; however,
ACTUATION SYSTEMS and FLIGHT CONTROL HYDRAULIC SYSTEM need
additional explanation Actuaticn Systoms refer v all components that per-
tain directly to the aileron, elevator, and rudder actuation systems. Flight
Control Hydraulic Systemn refers to all components primarily in the hydraulic
power supply system that do not pertain directly to any individual actuation
system.
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2. APPROACH

The following paragraphs describe the organization of the plan used to
develop the optimal design process.

a. Determination of the Present State-of-the-Art

A survey was conducted to determine the status of actuation system design in
the aerospace industry. The actuation systems were restricted to those
having torque outputs and included hydraulic, pneumatic, and mechanical
systems used in the industry.

b. Selection of a Sample Design Problem

Based on the data obtained from the survey, gn actuation design problem was
chosen for use in the development and application of the optimization
technique.

c. Generation of a Mathematical Model

Because the optimal technique is an analytical process, it was necessary to
generate mathematical relationships of the sample problem correlating its
design parameters with the system outputs being optimized.

d. Formulation of a Specific Optimization Technique

The parameiaer optimization process best suited to this problem had to be
selected and a method formulated for combining the vario..s system outputs
so that meaningful results could be obtained.

e¢. Integration of the Optimization Technique With the Design Problem

A theoretical system design utilizinz the sample problem and the desired
optimization technique was demonstrated with the aid of a computer. In this
way, general design guidelines were established and solutions to major
problem areas could be emphasized.

f. Ewvaluation of the Derived Design Technique

The usefulness of the new design technique was evaluated by comparison with
current design methods and with any related efforts outside of Douglas. A
review council, comprised of experienced Douglas design engineers, was
established to provide counseling during the study and evaluation of the
results upon completion of the study.
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SECTION L1

DESIGN PROBLEM

1. STATE-OF-ART SURVEY

The actuation system staté of the art was established by a literature search,
Its purpose was to determine the state of the art of servo actuation techniques
in conternporary aerospace flight-control systems. The ground rules, made
to regulate the extent to which the varicus aircraft, missile, and booster
actuation systems were investigated, are as follows:

a. Only those systems that had torque outputs were considered.

b. The choice of an actuating system often depends on its required
power supply; therefore, the pr..er supplies also were included.

c. Only the valve actuator and load were considered in the servo
actuation portion of the system. Amplifiers, feedback tranducers,
and oti.ev electrical compcnents fall logically into ancther category
and were not included. The power distribution and usage portions
were the elements included in the survey (Figure 1).

WPUT SIGNAL - suminG | AuPLIFICATION |- o, cFeRER 0 1o POWER usAGE

FEEDBACK
O

Figure 1. General Flight Control Actuation System




The type of systems investigated were divides into threebasic design concepts:
(1) electrohydraulic, (2) electropneumatic, and (3) electromechanical.
Because of the amount of information collected, it is impossible t~ include
all of it here. Essentially, the information consisted oi a general comparison,
a review of current and advanced technology, and a discussion of problem
areas for each concept. With regard to hydraulic systems, advanced tech-
nology is primarily concerned with reliability improvement, efficiency
improvement, and compatibility ‘with high-temperature environments. Its
principal problem areas are associated with temperature sensitivity, contam-
ination sensitivity, storage, serviceability, and multiple-energy conversions.
With regard to pneumatic systems, compreseibility is the major problem
area, The advanced technology is primarily concerned with the reduction of
actuator volumes and the use of various types of feedback compensation. With
mechanical systems, clutching is the major problem area, and ag a result,
these systems are limited to those having relatively small loads. Therefore,
advanced technology is mainly concerned with the development of clutching
arrangements capable of handling larger loads.

The results indicated that hydraulics is the most universal design concept
and the most widely used type of actuation system in the aerospace industry.
Hydraulics has the unique capability of combining the flexibility of pneumatics
with the stiffness of a mechanical device, thus making it adaptable £o most
applications. The extensive use of hydraulic actuation systems and the large
quantity of design information available on hydraulics led to the recommen-
dation that a hydraulic concept be used for the optimization study design prob-
lem., Because of the greater familiarity with hydraulics in the field of
actuation, fewer problemns were anticipated in the application of new design
techniques. Furthermore, a design study based upcn the hydraulic concept
will yield a more meaningful evaluation,

2. SAMPLE PROBLEM

The flight control systems of piloted aircraft are undergoing an evolution.
Hirstorically, the reliable primary flight control system consisted of a
mechanical link between the pilot and the control surface. With the advent
of supersonic and hypersonic aircraft, however, it is becoming more difficult
to cope with the problems associated with a meckanical linkage system, such
as backlash, friction, inertia, elasticity, and other nonlinearities. As a
result, considerable effcrt is being expended iu the development of alternate
control schemes with adequate reliability, that is, fly-by-wire systems. In
this type of control scheme, redundancy is usaed to obtain the reliability pre-
viously associated with a mechanical linkage system. An example, that
emphasizes the problems associated with a mechanical linkage system is the
flight-control system proposed by Douglas for the C-SA. This system
includes a fly-by-wire mode of operation so that it can mect the teviain-
tollowing requirements. These requirements are so severe that it is not
possible for the mechanical linkage system, by itself, to provide the
necessary performance.
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The newly designed subsystems and components for a fly-by-wire system wiil
have many stringent requirements, such as high reliability, low cost, nini-
murn weight, and dimensional limitations, and must be able to operate nor-
mally over a wide environmental range. These factors, plus the fact that tke
actuation and power supply systems dominate the {light-control system weight,
resulted in the decision to use an aircraft system for the design problem.
Also, because Douglas had recently proposed a flight-control system for the
C-5A, it was decided to use the C-5A hydraulic-system design requirements
as a guide in establishing the problem. Generation of an optimal design tech-
nique was considered more important than optimizing a particular system, so
it was further decided to select only a portion of the flight-conirol actuation
systemn and to simplify it to only the fundamental characteristics. After an
optimal technique and corresponding procedural guidelines have been estab-
lished, recommended future work will consider optimization of aa actual sys-
term. In line with these decisions, a simplified version of the C-5A elevator
actuation system was chosen for the design problem. A schematic of this
simplified system is shown in Figure 2. Its essential features inciude the
following:

a. A tandem valve actuator combination.
b. Dual control surfaces, thus requiring four separate valve actuators.

c. One hydraulic power supply consisting of a pump, reservoir,
accumulator, and a considerable length of plumbing.

d. Mechanical linkage between the pilot and control surface as a backup
for electrical input signals.

The vehicle performance requirements that apply te the elevator system and
used in this study are the following:

a. A +25° to -15° maximum control-surface deflection.
b. A maximum control surface rate of 40° per sec.

c. A maximum hinge-moment capability of 48, 000 in. 1b per actuator
per piston.

d. Design considerations at normal operating fluid temperatures
include 2 maximum rate at zero hinge moment and one-half
maximum rate at three -quarters maximum hinge mecment.

. - o 3
e. A design consideration at -40 F fluid temperature of one-quarter
maximum rate at zero hinge moment.

f. A bandwidth nf ]_O _ad/gec
0.1 sec rise time.

ermuam ol cnen o n ] mlmm o - - LR
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In this design problem, the requirements will remain fixsd and will ccnstitute
the minimum performance that the actuation system must meet, regardless
of its design.




I — s e v TR e ,w
SUPPLY PRESSURE !
= o ne == RETURN PRESSURE
PP gl RESERVOIR
i
|
I
i LENGTH MO }
| =105 FT |
f
P———, :
ACCUMULATOR : b
’ z
{
i
|
i
|
|
y l s
i
U | L S Al oo
F 3 r }
] I ' i
1 & 4 [
MECHANI-
Xé%ﬁm CAL IpiT |
PACKAGE (Tfye)
1 L ELECTRI 1 1
CAL INPUT
CONTROL TYp)
SURFACE
LOAD

ELEVATOR NO. 1 | ELEVATOR NO.2

fe———LENGTH NO. Z= 40 FT——

ELEVATOR NO. 3

LENGTH NO. 2= 40 FT =

ELEVATOR MO, 4

Figure 2. Hydraulic System Schematic

i e R -




The actuation system dependent variables that wils be optimized and that are
called vehicle constraints are the following:

a. Weight.

k. Dollar cost.

c. Size.

d. Reliability.

e. Dynamic performance.

These constraints were selected arbitrarily. Other factors could be added to
this list; however, these five seemed to be the most pertinent at the time the
study originated.

The following actuation system design parameters that will be considered as
independent variables in the optimization process are:

a. System pressure having a range of values from 2, 000 psi to
6, 000 psi.

b. Actuator piston area having a range of values from nomina! (that
area required to mee* the performance requirements) to a +2 sq inch.

c. The length of the torque arm between the actuatcr and the load
having a range of values from 4 in. to 8 in,

d. Fluid temperature having a range of values from -40°F to +200°F.
e. The plumbing tube sizes have a range from 0.5 to 1.0 in. OD,
3. MATHEMATICAL MODEL

For application of an analytical technique to the design of hardware, mathe-
matical relationships must be formulated that relate the hardware design
parameters to the end product. In this case the enc product is a theoretical
design having an optinum combination of weight, cost, size, reliability, and
dynamic performance. For example, the weight of each component being
considered will be relzted to the applicable system design parameters. A
combination of all the necessary relationships produces the mathematical
model. When combined, the relationships which are ‘ndependent of time, are
termed the steady-state model. Those which depend on time are called the
dynamic model. The boundary ronditione or aeenmntions need to g‘.‘.iéc tho
formulation of these mathematical models include:

a. The hydraulic system state of the art is based upon a nominal supply
pressure of 3,000 psi. For pressure greater than 3, 000 psi, a
penalty factor is added so that approximately the same factor of
safety is retained.

o




a.

The same component configuration will be used, regardless of
variation in the independent design parameters.

The effect of the pump power requirement upon the vehicle will not
be considered.

The valve actuatcr supporting struciure will be considered a rigid
body.

The torque arm between the actuator and the load will be considered
a rigid link with its length being the only item of interest.

The effect of development time, exjerience, quantity, expected life,
and detail designwill not be considered onany of the vehicle constraints.,

A size factor will be used instead of volume because the volume of
some components is not too meaningful. This characteristic has to
be judged on the basis of the type of vehicle being used; for example,
transport versus fighter vehicle.

The electrical portion of the flight-control system is not being
considered.

The dynamic response of a hydraulic actuation system is not the
same for different input amplitudes. As a result, there could possi-
bly be an optirnum dynamic performance associated with each input
amplitude and so the decision was made at the beginning of

the study to simplify this requirement and limit investigations to
10% inputs.

Steady-State Model

The steady-state model is separated into sections, each of which represents
an individual component or subassembly. The required relationships are
developed and the corresponding output equations for each section are sum-
marized in Appendix I. Each of the various component and subassembly con-
figurations will be described briefly. Obviously, more or less sophisticated
relationships could have been used and different assumptions made. Howevr.,
the fact that they have been considered and used is of prirne importance
because they provide the ground work upon which the optimization structure
niust be built,

(1) Pump

The pump is a variable-delivery, variable-angle unit with a rated speed of
3,6C0 rpm. A photograph of this pump is shown in Figure 3. Pump design
i3 based un 4 working pressure of 3, UU0 psi. As a resuit, when supply pres-
sures less than 3, 000 psi are used, an over-designed conditionwill occur and
a weight penalty realized. For pressures greater than 3, 000 psi, an
appropriate correction factor is added to the basic 3, 000 psi relationship,
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(2) Accumulator

Cylindrical piston type aind spherical bladder type accumulators are availzible
for this type of application. Because Douglas originally proposed the sphieri-
cal type for the C-5A, it will be used in this study. Familiarity, succeasful
utilization in past applica:ions, and lighter weight are the primary faccors
which influenced the decinion in favor of the snherical accurmulator. A
photograph of a typical unit is shown by Figure 4.

Because no limit exists upon the duration of the aircraft's requirement for
maximum power, the pump is sized to accommodate the total required power
at rated revolutions per minute and the accumulator will be used to minimize
\he effect of pressure disturbances in the hydraulic system.

{(3) Reservoir

The reservoir will be a boot-strap type unit. It eliminates the adverse effects
in the hydraulic system caused by changes of aircraft attitude and acceleration
loadings, and because it is airless, does not coatribute to the undesirable
quantity of air dissolved in the hydraulic fluid. A photograph of this type of
reservoir is shown by Figure 5.

(4) Tubing

The sulply and return system tubing has been divided into two sections.
Secticn No. I (as shown in Figure 2) is from the pump to tke place where the
plumbing branches out to each elevator valve actuator package. SectionNo. 2
includes all of the tubing from the branch point to Elevators 1 and 2 or 3 and
4. Tubing sizes can vary between sections and between the supply and return
systems; however, within a section, the sizes are constant. Steel tubing is
used for the supply system and aluminum for the return system.

(5) Valve Actuator Package

The valve actuator package is tailored after the uuait used hy Boeing for the
727 elevator-actuation system. Figures 6 and 7 are photographs of this unit.
The various reliationships that pertain to this unit are divided into the follow-
ing groups: actuator, valve assembly, and valve-actuator package. Even
though the valve and actuator are tandem units, the one hydraulic system wiil
be used tc supply both parts of these urnits. Also, for simplification, the
same input signal will be used for each elevator so that the flow is equally
divided.

{6) Mechanical Linkage

The C-5A {light control system included a mechanical link between the pilot
and the elevator control surfaces. Because the weight of the mechanical! link
was about 15% of ull tha cornponents and subassemblies directly associated
with the elevator system, the linkage weight was included in the model. None
of the independent parameters influenced its design; therefore, the weight

was considered a constant. A schematic is shown by Figure 8.




Figure 4. Spherical Type Accumulator

. o SERRES 1o la




Boot Strap Reservoir

gure 5.

.
1

F

12




adexoey J0jenoy dAjeA

13




M3IA 00| — adeydey 10jenjay aA|eA [ 3aIndi4

14




djewayag aBexu|] (E9|UBYIaY J0}eAd|3 g aIndy

P
-

A 114¥300

MSINVHII
1334 V0T

30V44NS T08LNOD 3J9WITvd HOLVNLIV 3ATVA

15




16

ey = o o 3 e

b. Dynamic Model

The time-dependent relationships which constitute the dynamic model are
concerned solely with the dynamic performance of the actuation system. The
development of a function to represent dynamic performance is ccmplicated
by the numerous quantities that must be cons®dered to adequately describe it.
Most measures of dynamic performance are stated in terms of the closed
loop behavior of the system (for example, its bandwidth and rise time), 1Itis
particularly difficult to relate these terms to the independent variables used
in the optimization procedure. It is clear that changing the terms involving
the system pressure, actuator area, and actuator moment arm in the trans-
fer function without changing the system compensation is meaningless. As a
result, it was decided initially to use a method to derive a measure of dynamic
performance which utilized control loup gains as well as the actuation system
design parameters. The integrated-square-error (ISE)criterionwas selected
for this purpose because a system designed to this criterion results in an
optimal following system. That is, the optimum system will be defined as
the systemn that yields a minimum integrated-square error between a refer-
ence input and the system cutput (see Figure 9). Thus, the optimum aystem
will provide the best reproduction of the input signal. In addition, the ISE
was selected because it provided a numeric that described the optimum sys-
tern and because a reference input having the desired bandwidth and rise time
could be chosen.

Because dynamic performance was being optimized for only 10% input signals,
it was possible to use a linear representation of the valve-actuator -load com-
bination as shown by the actuation block of Figure 9. This linear model is
developed in Appendix II.

The ISE can be calculated analytically and the optimal parameters evaluated
for systems of low order. For this study, however, a two-level optimization
procedure is required; first, the system independent variables must be speci-
fied and then, second, the parameters of the control system such as K, (the
amplifier gain) have to be evaluated. This results in nonlinear algebraic
equations which are hard to solve; therefore, an alternate technique was
employed because for the purpose of the study, only the ISE is needed.

The alternate technique consisted of simulating the system on the anzlog com-
puter and evaluating the minimum ISE. This was done by first setting the
parameters of the actuation systern and then selecting the control system
gains to yield the minimum ISE.

From the development of the linear model included in Appendix U, it is seen
that achange in system pressure will affect only the K, term. Because this
term appears only in loop gains involving independent control system para-
meters, it is clear that the system can be made independent of pressure
cnhangea. Tnereiore, the omly terms that can affect the system ISE are the
actuator area and the actuator moment arm thus making it an implicit rather
than an explicit function of the pressure losses through the plumbing and the
metering valve. Further inspection of the linearized block diagram leads one
to the conclusion that changes in area and moment arm should be identical
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Figure 9. Integrated Square Erro; Generation

within a gain change in the forward locp. Simulation of the system on the
computer verified this resultandallowed theISE to be expressed as a function
of the product of area and moment arm. Because the actuator-load resonant
frequency is also a function of this same product, it was found that ISE
decreased when the product increased.

One disadvantage of the ISE is that it does not indicate when the dynamic per-
formance is adequate. That is, because a folluwing device is being designed,
any increase in open-loop resonant frequency that allows more faithful follow-
ing of the reference input will result in a decreased ISE, However, if the
previcus system were adequate, the improved performance indicated by the
ISE is misleading because the improvement is not required. Another disad-
vantage of the ISE is that no knowledge is available of how well the system
could have been made to perform if additional and/or different types of
compensation had been used. For these reasons, it was {elt that the ISE
created an artificial function and did not contain adequate design information.

In an effort to detine a new measure of dynamic performance that wWould be

more meaningful (especially to the designer), a function of the open-locp
resonant frequency was sought.

Experience at Douglas has shown that it is possible to achieve adequate per-
formance of the control system if the load-actuator resonant frequency is at
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least four times the desired bandwidth of the actuation control loop. In some
instances, it was possible to reduce this factor to as low as 2. 5. Several
things should be bor::« in mind concerning these statements: (1) the size of
this factor is also a function of the flight control loop within wh'ch the actua-
tion system is placed; (2)this work was done entirely with flow control valves
and the load-actuator poles are virtually undamped in this case; and (3)factors
greater than four allow the designer greater flexibility and simplify the prob-
lem of compensation. Figure 10 shows a plot of the open-loop pcles and zerosg
of the system transfer function as a function of the load-actuator resonant
frequency. The dampirg associated with these poles is caused by the dynamic
pressure feedback. An additional feature of a function based only on the
resonant frequency is that no compensation of the control loop need be con-
sidered as was the case with the ISE. Referencing the block diagrams in
Appendix II, the load-actuation rescnant frequency per actuator can be written
as

A R? 2pA 2R?
wnz = —BI—Kn = _Wi:—

The volume of the actuator cari be writtep as

van = ApYPM = ApR&
1 )]
L) X WOMINAL o . )
A 108 <[AREA(R)] a
O +5% =[AREA(R) .
x ® g
o -
—60 3
0] 2
L. &
- i LA O~—0 X0
120 -100 % -6 b7 -2
REAL AXIS

Figure 10. Resonant Frequency Root Locus
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Numercus functions can be developed if only wpis considered as a

measure of dynamic performance. Two such functions are shown in
Section IV,
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OPTIMIZATION TECEHNIQUE

1. PROBLEM STATEMENT

The problem urider consideration is the method for cnhoosing opurnal system
parameters. The optimal system is defined as the system that maximizes
the chosen performance index (P.1.). For this actuation design problem, the
system pressure. actuator area, actuator moment arm, and tube diameters
are chosen to maximize a function of the weight, volume, dollar cost, relia-
bility, dynamic performaonce, and environmental sensitivity. To state this
mathematically, let S be a phvsical system or process.

L x
e S f———————

The parameter vector u is the system pressure, actuator area, actuator
moment arm, and tube diameters and x is the output vector and is composed
of the weight, volume, dollar cost, reﬁability, dynamic performance, and
environmental sensitivity. Therefore, P.I. gpT(u) must be defined. Let

= MAX P.L (u)

n

1=1

P.1. OPT(E)

P.I.{u)

x
i

gj(g_) j =1L 2,...,m

In general, the equations defining the system will be nonlinear. The math
model derived in the previous section related the parameter vector to the
systein outputs. The following sections relate the system outputs to the cost
functions, Ji' and the cost functions tc the total performance criterion.

2, COST FUNCTION DEVELOPMENT

The development of thie cost functions is a task that requires considerable
judgment by the designer. One fundamental problem is the generaticn of a
numeric that will adequately represent the vehicle constraints. Also, itis
desirable to have common bounds on all of the variables. If this is not done,
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the differexce in the absolute values of the different system outputs will affect
the optimization procedure. Therefore, a numeric bounded between zero and
one was used for the cost functions. Thus, in a maximum searching system,
one corresponds to the best possible system, and zero to the worst,

Develop nent of the cost function to be used on each vehicle constraint will
depend on the design requirements of thav.vehicle. For example, if all incre-
mental decreases in system weight are equally important, a linear weighting
on the total system weight might be desirable. One method of developing a
linear weighting is to compare the calculated weight with a reference weight.
For the study, the reference weight is dei ried as the weight calculated with
use o1 standard design techniques. With use of this cost function, absolute
changes from the reference weight (Wy) are weighted identically, One
possible form of the cost function is

Thus, when the veight is equal to the referencz weight, J’i = 1/¢, and varies
as shown by Figure 11.

Note that the cost function could be less than zero if the weight increased to
more than twice the reference weight. If it is mean ngful to consider such
cases for the system being designed, the cost function must be redefined.

SYSTEM WEIGHT

Figure 11. Weight Cost Function
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For other systerns, any actuation system weight less than a maximum allow-
able weight, (W 3%, },» might be permissibie. For such a gystem, a cost
function such as

I, = i [1 - agn (W-W__ )]

might be appropriate. This cost function is zero when W >W__ .. , and is one
wher W< W._ ., . Beside. the two possible cost functions men%ncd, many
interesting ﬁqnear and nonlinear weightings could bLe derived to meet the
requirements of a given design problem.

A vehicle constraint that requires special consideration is the volume of the
system. Consideration of the elements that comprise an actuation system,
leads to the conclusion that total volume is not a meaningful quantity for many
of the elements. For instance, the length of the actuator is a more critical
quantity than the total volume of the valve actuator assembly because the
valve can be shaped to it the space available. Therefore, volume per se was
not used as the cost function. A gquantity that 13 defined in this study as a
space factor was substituted. The spa.e factor 15 a combination of each ele-
ment's critical dimensions, such as, actuator iength, volume of the pump and
accumulator, and the length and diameter of the reservoir. One method of
deriving a space factor is to define ~ subcost function for each term of the
space factor. The space factor is defined as the sum of these subcost func-
tions. With use of the ideas presented earlier, a suitable cost function might
be defined as forllows: if the volume of the elements for which volume is the
important factor is summed, a suitable subgoal might te

= - 2
v, 1-Veq/ Veqnom

where Veq is the current volume and Veqpom is the refe rence volume which
might be the value given by standard design techniques. If the length of the
actuator is a critical dimension, a suitable subgoal might be

vV, = 1 - ACTL/ZACTLn

2 om

where ACTL is the current actuator length and ACTLjom is a reference )
tength., Tte space factor cost function might be defined as

J = 1-vOL/2VOL
nom

where VOL is the current value of

=}

VOL = — f.V.
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and VOLpom i8 a value calculated as a reference. The fi’s are emphasis
factors whicl naust be specified by the designer.

Each critical dimepnsion should be assigned a subgoal and the weighting
coefficients chosen to represent their importance to the tetal cost function.

The dollar cost function exhibited no unusual characteristic and was carried
along as a linear cost function in this study.

The reliability cost function was found to be almost independent of the inde-
pendent variables of the study and was simply carried along as a lineax cost
function.

The ernvironmental 3ensitivity cost function is another factor that requires
some special attention. It is clear that dynamic performance and environ-
mental sensitivity are closely related. In terms of the actuator designproblem,
che only term in the ervironmental sensitivity cost function would be the bulk
modulus of the oil. This term directly affects the actuator lozd resonant fre-
quency, which is the term that affects the dynamic performance cost function.
A definition of an environmental sensitivity cost function that might be mean-
ingful is the comparison of the worst-case dynamic periormance with the
nominal dynamic performance for each design. Thus, if max, (Dyn.P.} is
defined to be the maximum (or minimum) value of the dynamic performance
cost function caused by the change in bulk modulus of the oil, then

max. (Dyn. P.) - Dyn. P,
Iy = 1- Dyn. P.

This function could exceed the bounds of one if the maximum value of dynamic
performance were greater than twice the norcinal value. This would indicate
extreme sensitivity to environmental factors and that the design should
probably be rejected.

3. SYSTEM PERFORMANCE INBEX

As noted earlier, a performance index that can be us*d to indicate the total
merit of a particular design is:

n
3.1 = z (3,

im]
where the J;'s again are the cost functions. The f; terms are called emphasis
cocefficients and are used to denote the particular importance ot each cost

function to the design. If *.e make the followi=g restriction

n

2 f. = 160
1

i=]
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tiien the fi's ¢an be used to denote a percentage importance of each cost func-
tion to the whole system. It is apparent why the J;'s were bounded between
zero and one; otherwise ‘he emphasis coefficients would lose their connota-
tion of percentage emphasis.

4, COMPUTER PROGRAMS

The computer programs developed for the optimal design problem are toolr
for the evalnation of the pertormance indexes, Two separate programs were
developed to provide information to the designer,

The first program (No. 1) was developed primarily f.r providing information
concerning the sensitivity of the cost functions. This is important for choos-~
ing the empharsis coefficients because the  priori guess may lead to a domi-
nation of the P.1. by one cost function. The maximum deviation of each cost
function must te considered in cortext with its emphasis coefficient. To pro-
vide the sensitivity information, the parameter space was systematically
searched by imposing a fixed grid on the space. The cost functions and the
performance index were evaluated and printed at each point on the grid. This

information can be evaluated and the emphasis coefficients updated as required.

A :low diagram vepresenting the essential features of this program is shown
in Figure 12. A detailed description and a listing of the program are located
in Appendix II.

The second prograin {No. 2) developed was primarily intended for choosing
the optimal system. Nun.ercus .echniques of linear and norlinear program-
ming are available for this purpose. Because there are bounds onthe param-
eter space and on the cost functions, the problem is fundamentally a nonlinea.-
programming problem. One of the more popular searching techniques is the
gradient method. Application of this technique to this problem, however, is
complicated by the inclusion of the tube diameters as independent variables.
The tube diameters are discrete variables; that is, they take on only a finite
number of states, and special techniques must b¢ used for handling discrete
variables. Another popular searching tzchnique is the random search or an
extension, the adaptive random search. Its chief advantage is the simplicity
of the p.ogramming. It has the disadvantage, however, that it may take
excessive run time on the computer. There are two tradeoffs 1o consider:
(1) whether it is more efficient, in terms of the computer, to calculate the
gradient or to accept the wrong guesses of the random search, or (2) whether
it is more efficient, in terms of manpower, to use a simple program at the
expense of computer time. After some experience with the fixed-grid
searching prog~am, it was found that the program tcok little machine time,
so the adaptive random search program was chosen. A flow diagram repre-
senting the essential features of this proasram is shown in Figure 13, Detailed
descriptions of the random search technique and of the No. 2 program are
located in Appendix IV. Listings that differ from the No. 1 program are also
incliuded.
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Figure 12. No. 1 Computer Flow Diagram
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SECTION IV

APPLICATION

The cost functions for the sample problem are developed in this section and
the results of the optimization procedure are discussed. The design require-
ments and restrictions are given in paragraphs 2 and 3 of Section II. To
supply a reference value for all cost functions using a linear weighting, a
nominal system was designed using the design criterion of the Douglas pro-
posal for the C-5A. This also provided a convenient measure of the merit of
the new design.

1. COST FUNCTIONS
a. Weight Cost Function

In the derivation of the sample problem. it was felt that weight in each por-
tion of the actuation system was equaliy important; in addition, it was felt
that increases and decreases in the weight of each portion of the system were
also equally important. Therefore, a cost function using the total weight of
the system with a linear weighting was used. That is

J. =1 - W/2W
1 nomm

When it was felt that weight in one section of the system was more important
than weight in another section, a compound cost function, similar to the
volume cost function described earlier. could be used. F-r example, weight
that is located a considerable distance f{rom the center-of-gravity (CG) of the
aircraft might be more critical than weight located near the CG and, hence,
the former weight should receive more emphasis in the cost function than the
latter.

b. Space Factor Cost Function

With use of the ideas pres:nted in Secticn III, the space factor cost function
was defined as a sum of the critical dimensions of the elements of the actua-
tion systern. An equivalent volume was defined az the sum of the volumes of
the elements for which total voiume was thought to be an important factor,
For this example, only the pump and the accumulator were included ir this
sum. Equivalent volume was added as one of the subgoals of the space factor
cost function. The reservoir was not a shape that cculd be adequately
described by a volume. It was thocught that the diamszter of thic ic-ge end and
the length of the reservoir were a better description. Therefore, these two
critical dimensions were each included as subgoals. Another critical dimen-
sion was the length of the actuator. It was felt that volume waas not ar ade-
quate descriptor because the valve can be shaped to fit the volume available.
Length, however, can be very critical in terms of the design of the aircraft
structure. For this problem, the diameter of the actuator was not critical.
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In any aircraft with & narrow section, however, it might be very important.
The original definition cf the cost function included these four terms with
equal weighting and with a linear subgoal for each term. The refsrence vilue
for each of the linzar subgoals was the value obtained using standard design
practice. Thus, the cost function is written ae

4
- 1 N
= 4 fox
4) g 1
i
=1
Where
Veq
Q 1-
1 ZVeqﬂmn
ACTL,
Q, =1 -33CTL,
no
RED
Q3 = 1-3RED
nom
Q =1-3ReL
no—

In tne design of the C-5A structure, the space available for the actuator was
limited in length by the supporting structure. To include the effect of this
design restriction, an additional weighting was placed on any design that
required a length of actuator longer than the length readily available. That
18, a term

1/8 {1 - sgn (5.5-R))

was added to tkhe actuator length subgoal, where 5.5 in. is the maximum
length readily available. The term penalizes the use of any actuator longer.
than the maximum length on an equal basis. This restriction is not meant
to lirnit the length, but to give some importance to the extra problems
involved in using the longer moment arm.

c. Dvnamic Parformance Cost Fonction
As discussed in Appendix II, two variations were investigated. The ISE

model indicates improved performance whenever the resonant frequency of
the load-actuator combination i increased. This presents a problem,
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because system requirements already have been cstahlished. Investigation
of the system on the analog computer showed that performance requirements
of the system were met easily because of the high hinge-moment require-
ments. It was, therefore, felt that the ISE was misleading, because the sys-
temn was not as critical as the ISE indicated. For this reason, plus the fact
that designers are not normally familiar with ISE, an alternate definition of
dynamic performance was selected. The alternate selection, which is in
terms of system bandwidth, is

TOTDYP =1 - EXP [-1/4(mn - 0.1w)]

and is shown in Figure 14. TOTDYP is the output of the dynamic perfor-
mance subroutine. The cost function s one minus TOTDYP.

There is a good reason for choosing this cost function. As stated in the math
model of the system, experience shows that it is possible to compensate the
system if the open loop poles are at least four times farther out in frequency
than the desired bandwidth. The cost function places no penalty on the sys-
tem if the resonant frequency is 10 times farther ou* in frequency thar the
desired btandwidth. As the resonant frequency decreases, an increasing
penalty is placed on the design. Because the cost function could become
negative for frequencies greater than 10 times the bandwidth, the function

TOTDYP
=
T

FREQUENCY

Figure 14. Dynamic Performance Function
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was defined to be zero for any value of the exponential r~esater than one.
This indicates that there is no particular value in haviny a wider bandwidth
than required.

P

The cost function shown in Figure 14 may not be desirable because it heavily
weights small decreases in resonant frequency. A more suitable cost func- R
tion is shown in Figure 15.

This cost function weights small changes very lightly, but the weighting gets .
progressively heavier until it reaches the maximum at 4wn. d

It is possible, in fact, that this excess bandwidth could be a problem in terms %
of bending modes or flutter frequencies of the aircraft. Ii certain frequen-
cies must be avoided, it can be handled easily with this type of cost function
by adding another term that takes a value of cne at the frequencies in ques-
tion. Such a term might be

S -

i EXP [- (w, - m)Z]

This term has the desired effect of heavily weighting frequencies close to the
critical frequency and not “veighting the other frequencies at all.

TOTDYP

H—-——--— =

FREQUENCY

Figure 15. Alterate Dynamic Performance Function
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One additional point should be noted; an additional refinement of dynamic
performance could be made by including the functional relationahip between
system elasticity and the system pressure and area. For the example in this
report, the effect was not significant because the resonant frequency was
very high and the change in system elasticity is not great at the temperature
and pressures involved. In probiems where the resonant frequency is criti-
cal, this may be an important factor.

d. ZEnvironmental Sens:tivity Cosi Function

3ecause the elasticity of the system directly influences the resonant fre-
quency of the system, the environmental sensitivity cost function is defined
easily in terms of the. dynamic-performance cost function. For the example
problem, the bulk modulus of the oil and the elasticity of the actuator struc-
ture combine to change the elasticity of the system. However, it was foun.
that this effect was not significant, especially because the dynamic perfor-
mance was not a significant factor. For this reason, this cost function was
not considered further.

e. Dollar Cost Function

The dollar cost functicn was taken to be an incremental cost and was not
strongly a function of the independent variables. Because of its lack of
significance, it was taken to be a linear-cost function and was assigned a
small weighting.

f. Reliability Cost Function

Although it was felt that reliability would play a key role in the choice of an
optimum system, sufficient data could not be found to establisn a2 connection
between reliability and the independent parame‘2rs. The cost function was
carried along as a linear function with smali c—:phasis, in the event that
such a significance could be found.

2. EMPHASIS COEFFICIENTS

The relative importance of the various vehicle corstraints is incorporated
into the optimum design by selection of the emphasis coefficients. In this
particular problem, weight was considered to be the must important factor.
Dynamic performance and volume were given equal ratings followed by cost
and then reliability. Not only should the relative importance be considered
when selecting these coefficients but the extent to which the corresponding
analytical relationships are developed and the accuracy or confidence in the
basic input data should also be taken into consideration. The percentage
values selected are as follows:

332 fweight = 30%.
2. f = 25%.

dynamic performance

fvolumt: = 25%.
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3. OPTIMIZATION PROCESS

With the cost functions defined and the model defined as in Section 2, tha
problem was put on the digital computer for evaluation of the cptimum eys-
teni. ‘the computer program using the fixed-grid searching technique was
uset io generate data that could be uged by the designer in evaluating the
results. The designer has to know which cost functions are the most depen-
dent on the independent variables. This is important for the proper cheice of
the emphasis coefficients and for an understanding of the results of the opti-
mization process. The psrogram pointed up the problam in the use of ISE. It
was found tha* only the ISE showed a significant change with the independent
variables and that the dynamic-periormance cost function dominated the per-
formance index. A review of this problem led to a redefinition of the
dynamic-performance cost function which is feit to more adequately describe
the physical situation.

All of the other cost functions showed little variation with chaages in the
independent variables. As can be seen in Figurec 16 through 2i, the graphs
have large noniinal values and show little curvature. Figure 16 shows a
grah of weight as a function of pressure for a constant-torque systam; that

1,000 -
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Figure 16.Weight as a Function of Pressure
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is, at each pressure, the minimum actaator area neceded to supply the hinge
monent and control surface rate for the given moment arm is used. The
minimum area is determined by calculating that flow rate and corresponding
actuato: &P necessary to meet requirements taking inte consideration the
pressure losses through the piumbir~ and the metering valve. 7This curve
shows a slight decrease as pressure increases from 2, 000 o 3, 000 psi.
This decrease is primarily because cf the smaller items required at the
nigher pressures. Above 3,000 psi, this decrease is lost in the inc: sase in
weight caused by the weight penalty to maintain the required safety facto1 .
The minimum weight occurs at 3, 000 psi and is 745 lb. Note tkot this mini-
muvrm at 3,000 psi is somewhat artificial because of the weight pznalty above
3,000 psi and the fact that belew 3,000 psi, standard 3, 000 psi equipment is
used. ¥f the 2,000 psi equipment were redesigred to reflect the lowered
stresses there n:ight not be a 11inimum at 3, 060 psi. This is not etandard
practice, however. Disregarding this fact, the curve chows ihat most of the
actuation system weight is fixed and that the pressure can be chosen over a
wide ~ange with little penalty in weight. For example, the rmnaximum devia-
t'on in weight between 2. 006 and 6. 000 psi is approximately 9.3%. or
appioximately 70 'b. It is probable that such a small difference would not
be significant in a large 2ircraft cystem.

Figure 17 shows & graph of spice factor as a function of pressure for con-
stant torque a.nd for a moment arm of 5.5 in. The graph shows that the
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epace factor (before normalization) decreases monotonically from a high of
2.20 at 2,000 psi to a low of 1.69 at 6, 000 pai. The rpace factor decreasee
because the equivalent volume is a function of flow which decreases as the
pressure increases.

The dollar cost of the system varied from a high of $10,250 at 2,000 psi
monotonicaliy to a low of $10,034 at a pressure of 6,000 psi. The difference
in these numbers is lezs than the confidence present in the values them-
selves. The maximum devialion is approximately 0.2%.

Reliability was found to be independent of pressure.

When the revised dynamic performance index was used, dynamic perfor-
mance was found to be independent of pressure.

Figure 18 shows a graph of weight as a function of the moment arm at a
pressure of 3,700 psi and at constant torque. This shows that weight is
virtually indepz2ndent of the moment arm--a maximum deviation of less than
0.2%. The graph of actuator weight as a function of the moment arm in
Appendix I (Figure 41) shows marked curvature, but the difference in scales
is important. One point that might influence the weight as a function of
moment arm that was not included, is the increased weight of the supporting
structure as the arm decreases. The support was considered a rigid body in
the study.

The space factor as a function of moment arm st a constant torque for a
pressure of 3,000 psi :8 shown in Figare 19. The discontinuity reflects the
additional weighting for moment arms that exceed the length that will easily
fit in the available space. Again, the space factor has not yet been
normalized.

The gra>ha of dollar cost and reliability as a function of moment arm are not
shown becaure they are not significant. Dynamic performance is not shown
bec: use it is always acceptable.

The curves zhowing independent increases in the actuator area ar= not shown
becanse all of the cost functions showed poorer performance. These data
were taken at fixed precsure and moment arm and, thus, reflected a system
of higher hinge-moment capability.

Figures 20 and 21 show graphs of performance index as a function of pres-
gure and moment arm:, The P.I. as a functiun of pressure peaks at

4,000 psi. The P.I. as a function of moment arm is uominated by the space
factor cost function and indicates the choice of & short moment arm. The
effect of changing the tubing sizes is tc vertically shiit the curves; the
smaller the tube size, the larger the periormance index.

Tune maximurn P.1. is found at 4,000 psi, a 4-in. moment arm, minimum
area, and all of the smallest possible tube sizes. At the maximum, the
value of the P.I, was 67.49, the total weight was 638.9 1b, and the space
factor was 1.57, Compariscn with the nominai design (constant torque,
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3,000 psi, 5.5 in. moment arm and largest possible tube sizes) indicates a
weight savings of approximately 105 1b and a decrease in space factor of 0.43.
An additionzal fazet of decreased tube sizes that should be noted is that many
of the low pressures are eliminated by the flow requirement and plumbing
pressure losses at -40°F .

Referenced to the maximum P.I. using all the larger tube sizes (1l in. O.D.
in Section 1 and 3/4 in. O.D. in Section 2) there is a pussible weight savings
of approximately 130 1b and a decrease in the space factor cf 0.25 by uning
the smaller tube sizes (3/4 in. O.D. in Section i and 5/8 in. O.D. in Sec-
tion 2). At these tube sizes, the plumbing pressure loss was 740 psi for a
rated flow of 26 gpm at a fluid temperature of 120°¥. Use of even smaller
tube sires was not possible because of the -40°F flow requirement. The
alove savings can be realized if proper valve operation is possible at lower
‘han normal valve pressure drops.

Most of the results presented are reasonable, from the point of design prac-
tice. One possible disturbing item is the increase in P.l. as the moment
arm decreases. Possibly, if the weight of the supporting structure had been
included, this effect would not have been seen. Also, a short mioment arm
increases the effect of valve-actuator nonlinearities on control surface
motion. To include the latter it would be necessary to make dynamic perfor-
mance a compound cost function, like the spzce factor.

In an »ffort to gain additional insight into the natvwre of the function being
maximized, data were taken along constant pressure, area, and moraent arm
planes. Also, these data were taken with the ISE dynamic performanre cost
function to show what the curves might be if dynamic performance was a
critical factor.

Figure 22 shows the graph of weight as a function of pressure. It was found
that space factor, ISE, and cost were constant as a function of pressure,
when area and moment arm were held constant.

Figure 23 shows how weight, ISE, space factor, and csst vary as a function
of area for fixed pressure and moment arm. The abscissa should be inter-
preted as follows: (1) indicates the minimum area for ‘he pressure and
moment arm given, (2}, (3), and (4) indicate increases of J.3 in.2 of area

to the minimum for each number. Note that ISE irnproves as 3ll of the other
coset functions decrease. Figure 24 shows the same informatiova for rhanges
in moment arm,

For comparison, the previous weight and cost data taken on a cons.ant-
torque basis and plotted as a function of pressure will be shown to the same
scale as used by Figures 22 and 23, Figures 25 and 26 show these graphs.,
Note that the scales on the ordinate are broken to shcw the curvature. The
reason the weight is not identical to Figure 16 is because the linkage weight
(which is constant) had not yet been added to the vrogram and only ane valve
actuator assembly was being considered.

A similar comparison of cost functions as a function of area is not poasible
because au increased area reflects an increased torque capability. A
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Figure 22. Weight as a Function of Pressure

comparison of graphe, showing changes in the cost fuiictions as a function of
mom=ent arm, is not shown becsuse the coastant-torque curves contained no
significant information.

The resuite of this work showed thar there wae litile to be gained in terms of
total performance hy the choice of the independent parameters in this study.

4. RESULTE OF THE RANDONM-SEARCH TECHNIQUE

ter the resulta of tne fixed-grid search have been evaluated, it is possible
to use the random-search routine. The fixed-grid routine provides informa-
tion about the sensitivity of the ccoet functions necassary for the choice of
emphasis co~fficients Once tie emphasic coefficients have beea chosen,
application of the randoin-search routine is straigntiarward. For this par-
ticular prchler, the random-search routine orovicded !ittle information that
wae not readily available hv locking at resulta of the fixed-grid routine. In
some cases, however, the cost functions may vary a great deal as a function
of the independent variables, and the cost furctions rnay be difficult ic inter-
pret from the fixed-grid data. In these cases, the optimum system will be
chosen by the rancom-searcn procedure. Ths search procedure could alsc
give information about the sensitivity cf the optimum, !f ail of the succeseful
steps were printed. For the sample problem, it was found that the
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random-seazrch procedure took less time to reach the opilmum thas the
fixed-grid routine. The sezrch procedurs was terminated when the computer
made 1, 300 unsuccessful steps in succession, One problem that led to the
high number of unsuccessful trials was the choice of tube sizes. The perfor-
mance index was maximized when all of the tube sizes wevre at their smallest
value, Thue, the program had to chcose all of the small tube sizes, which is
2 low- robability event {1/16), and also choose a set of parameters (pres-
sure, area, and moment arm) that led to a larger performance index. The
average run took lese than 3 min. of computer tirne on the 7094. This time
included approximately 1 min of compilation time.

The adaptive random-search routine showed littie advantage for this particu-
lar example. The problem just ciind, concerning the tube sizes, caused too
many unsuccessful steps and negated the accurnulation of knowledge gained by
the successful steps. The adaptive search routine hae been shown to be
successful in reducing search time in other problems studied at Douglas
{(References 1 and 2).




SECTION V

EVALUATION

1. GENEwAL

The main objectives of this study were to develop 2n optimal technique for
the design of an actuation system, to determine guidelines ior its use, and to
evaluate the usefulness of the technique with respect to current design
methods. The results indicate that an optimal technique, and its corre-
sponding guidelines, have been developed. It appears, however, that the data
obtained by application to the sample problem are not adeguate to evaluate its
merit. Detailed discussion of the optimal technique and correspending guida-
lines is included in Sections III and IV. A detailed evaluation of its useful-
ness follows.

2. TECHNIQUE EVALUATION

Whether evaluating an optimal design technique or any new method, the
questions that must be answered include the foilowing:

a. Are the results better than those obtain:d by use of previous meth-
ods and, if so, can definite conclusions be made concerning tne
merit of the new method?

b. How universal is the new mathod, and are the results cbtained by
application to differeat systems directly comparable?

c. How does the cost in time and manpower compare between the old
and new methods?

d. Are there related efforts being conducted elsewhere?

An evaluation by the review council provided answers that were most appli-
cable tu the first question beczuse their primary function was a comparison
bet.;een the optimal technique and previous design metheds. In general, this
evaluation emphasized the fact that Lhe optimal design of the sample problem
did net show much improvement o er that obtained by using current design
metiods and as a result, .t is not possible to draw defirite conclusions on the
merit of the optimal technique. The sample problem, a relatively elemen-
tary hydraulic system, was defined so as to expedite developrnent of the
technaique, and s> this is possibly a reason for the uneventful results. It was
not apparent 2t the b:ginning of the study that more meaningful results would
not be obtained. As it turned out, however, the relationships between
sclected design parameters and vehicle constraints were weak; so deviations
from nominal values were relatively insignificant. If the restrictions and
ooundary conditiane in tha sampla preoblem were relaxed and & gieailer nua-
ber of interrelated parameters were considered, possibly more meaningful
results would be obtained. Therefore, it fol ,we logically that this teckrique
shouid be studied further by conducting addit < nal tests utilizing a complete
actuation system.
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Use of an optimal technique with a computer does not neceasarily msean that
an answer will be obtained that could not be obtained %y using current design
methods. On the other hand, it does mean that the monotonous repetition of
conducting tradeoff atudies betwesn the various designs and des:gn concepts
can be largely eliminated. Also, by use of this new technique, more situa-
tions and parameter variations can be investigated, with the hopeful reesult
that there is 2 more expedient imethod to find the optimal desigr.. Even
though this optimal design is selected automatically by application of the sys-
tematic searching routine {described previously!, the results are astill subject
to the designer's background and experience through the mathernatical model
and other computer inputs. To standardize the optimal design technique, it
is essential that model assumptions and constraint emphasis be controlled by
the agency conducting the design investigation.

A possible use of this deeign technique is as a syntheeis tcol in an overall
computer simulation of a complete vehicle flight-control system. By doing
so, detailed actuation system design parameters, not norm-z:ily included in
the initial design studies, could be considerad.

he second question is concerned with performance index comparison wher
optimizing designs have different basic concepts. Also, how universal is the
technique itself when optimizing the same systems which have varying
amounts of complexity and when optimizing systems which have differing
design concepts? In other words, how much work is involved when convert-
ing this deeign method for use on different syetems? Many such comparisons
and convetsions would occur when conducting tradeoff studies. Because only
one system was investigated, additional studies will be required before these
questicns can be answered.

When an optimal design is determined, using this technique, the thirdquestion
is: How much effort is involved and how does it compare with efforts required
in current design me.hods? In an aerospace vehicle, where many design
parameters are considered, use of the synthesis tool described in this report
may well be worth the effort expended. These types of systems wiil have to
be investigated further before an answer can be determined.

Actuation systems from other types of aerospace vehicles should Le included
in any such investigations. In high-performance missiiz systems, for
example, dynamic response and power generation tradeoffs have a different
order of importance and will have a different infiuence on the optimal design.
Asg far as the optimization procedure is concerned, the primary effect of
considering diiterent aerospace vehicles will be in the choice of emphasis
coefficients. Cost-function revisions should be secondary because of *n
attempt to build this generality into the basic program. Of course, a new

set of equations relating the parameter vector to the output vector must be
derived.

The fourth question is concerned with related efforts in the aerospace indus-
try, of which the principal one is the study being conducted by General
Electric, which has an objective similar to this study's. However, the work
reported in this report deals with the oytirnzation of an actuation system for
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a large transport aircraft, while General Electric's work (Air Force con-
tract AF 33(615)-3587) is concerned with the optimization of actuation sys-

tems for a fighter a2ircraft. The results of General Electric's work have
not yst been prblished,

The Martin Company conducted an actuation optimization program for NASA
entitled, Optimization of Hydraulic Thrust Vector Coatrc! Systems for Launch
Vehizles. A portion of this work is reported under NASA Accession Num-
ber N66-12611. An article was published (Reference 3) that describes the
development of a computer prograrm for reiated system cost investigations.
Costs in this case included development cost, unit cost, weight cost, failuree
cost, developnient time coste, and others. Initially, optimization was
obtained by observing trends in computer sutput data, rather than by applica-
tion of some automatic optimization technique. It is possible, however, that
work not yet repnrted may be investigating such techniques.

AiResearch Manufacturing Company, Divisior of the Garrett Corporation,
crnducted an cptiinizati~. study for NASA on control moment gyros (CMG's).
The CMG design was optitnized with respect to a minimum of weight, eize,
bearing friction, and windage loss. Optimization was obtained by observing
tren s in computer ou‘put data. A cenort of this work is given inReference 4,
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

Based upon the preceding evidence, the following conclusions have been
drawn:

1. A hydraulic actuation system that uses current design techniques
provides a near-optimum design.

2. The optimal aesign is quite dependert upon the assumptions and
conditions that accompany the design problem so the individual is
still very much a part of the design process,

3. The design probiem used in this study was teneficial in the develop-
ment of the optimal technique but the ensuing results (because of the
large nominal values and relative insensitivity of the cost functions)
did nct constitute an adequate base upon which to realize the full
potential of the design techrnique.

4. It is possibie that application would have more significance to high-
performance missiles because variations in actuation-system per-
formance have a decided effect upon flight-control-system
performance. Also, in missile systems, it would be possible to
conduct actuation power system tradeoffs.

5. It appears that the greacest value of optimal techniques applied to
actuation-systern design i3 connected with comparison of different
Jesign concepts for the same application. The study of various
redundant configurations is a good example.

As 2 remult, it is recommended that additional studies be conducted to obtain
results that can be used to make a complete evaluation. This work should
include:

1. Optimization of several actuation syst+m design concepts for an
actual piloted aircraft flight control system.

2. Conducting of similar studies on an aerospace vehicle other than 2
piloted aircraft.

These investizations would not only provide optimal dezigns for comprrison
with designs utilizing current methods, but would provide data that could be
used to study the problems involved in the direct compariscn of performance
indexes. Also, the work involved in using the developed tachnique on differ-
ent design concepts and different systems can be determined.

—
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APPENDIX I
ST. ADY-STATE MODEL RELATIONSHI®PS
Each of the sections in this Appendix contains a summary of th parameters,

output equations, and calculations used to generate the requireu information
for the following (see Section Il for further reference):

1. FPump. 7. Valva actuator package,

2. Accumulator. 8. Fluid temperature.

3. Reservoir. 9. System elasticity,

4, Tubing. 10. Fluid elasticity.

5. Actuator, 11, Actuator cylinder elasticity,
h. Valve assembly, 12. Mechanical linkage.

1. THE PUMP

Table I suimarizes the parameter relationships associated with the pump.
Derivations of these relationships follow the summary sheet,

a, Pump Weight
A Vickers slide rule can be used to determine the weight for various pump
sizes, When plotted, the pump data can be .ipproximated by a straight-line

relationship as shown by Figure 27.

Based on the above data, pump weight as a function of pump flow can be
expressed by

PUW = 7.5+ 0.615 (PUQ)

The system has four tandem valve-actuator packages and. so, has eight
valve-aciuation combinations. Assuming a 10% internal leakage loss, pump
flow ar a function of valve actuator flow can be expressed by

PUQ = 1.1 (81Q)
Combining this expression with the previous one, results in

PUW = 7.5+5.412 (Q)
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Table I
PUMP SUMMARY SHEET

PR&E
NAME . _ e SymBol. 2_ Y __
JNPULTS, & Ourirs *. 8 ¥ _____
rr_ ot s MAL XA K e
_______ Py _V —_—
P /] 4
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e W EmEEe et S— S— —

WE/LK7 P U W (PrES-3000)>0 = (7.345.41240) (1.+.00005(PAES-3000.))

Al S SScame RSN SREE——  ew—

Cos7T P U C = 1400,+123,2%)
5[ E-E } 4 1/} v - ‘o."l”vm
Brupbriry 2 8_ R_ __ __ __ = A34.01110mE84

MEIGT P g W (PRES~2000)50 = 7,345.41240

/VOIZ’ 5% Data obtajued from Vickers Incorperated, Divisicn of Sperry Rmd
Corporation, Detroit, Hichiges,
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Figure 27. Pump Weight Data

Pump weight is also a function of system pressure. Data from Vickers indi-

cate an approximate weight increase of 5% for an increase in pressure from
3,000 to 4,000 psi. If no weight reduction is assumed for pressures less than
3,000 psi and the same increase is assumed for every 1, 000 psi above 3, 000

psi, then the pump weight expresszd as a function of valve flow and pressure

is

PUW = [7.5+5.412 (Q)] {1 + 5 x 10”° (PRES - 3, 000)]
where
(PRES - 3, 000) 2 0

(It is assumed that the pressure denoted vy PRES is a nominal pressure. As
a result, it is not necessary to consider the pump return pressure of 70 psi.)

| = Theina .. 7~ .
o 4 Wupy vt

The pump co<t of the various sizes and for an arbitrary quantity cante
approximated by the straight-line relationship shown by Figure 28.
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Figure 28. Pump Cost Data

From the above data, pump cost as a tun.tion of valve flow can be expressed
by

PUC = 1,400+ 1.3.2 (QQ)

c. Pump Size

The size of the various Vickers pumps expressed as cubic inches of volume
can be approximated by the straight-line relationship shown by Figure 29.

Based on the data shown in Figure 29, pump size as a function of valve flow
can be expresser by

PUV = 40+ 199.7 (O

d. Pump Reliability

The purnp reliability is a function of the load 80 a samallar pump hae 2 lowsr
failure rate. If horsepower is used as 2 measure of the load, reliability can
be correlated with flow and pressurc. Based on the assumption that the fail-
ure rate is raduced about 10% between a Vickers 3915 and 3911 pump at a
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Figure 29. Pump Size Data

pressure of 3,000 psi, pump reliability expressed as the aumber of failures
for 106 operating hours can be approximated bty the straight-line relaticnship
shown by Figure 30.

Based on the data shown in Figure 30, pump reliability as 2 function of pres-
sure and valve flow can be expressed by

PUR = 465+ 0.0111 (PRES) (Q)

2. THE ACCUMULATOR

Table II suinmarizes the parameter relationships associated with the accu-
mulator. Derivations of these relationships follow the summary sheet.

An accumulator is used to damp out pressure surges caused primarily by
sudden opening or closing of the metering valve and to smooth cut the ripples
in the hydraulics which are generated by the pump.

For thxs study, accurmnulator desxgn will be based upon the additional flow
\-ﬂy“blb’ lc\.‘ullcd I-V yh cvsuq. o’ QLCAAA yb CUU\AAC AA Vlll \‘.’SA Vrtl‘lla Vb:\lw “ )yc\.h-
fied value after a sudden valve opening and for the period of time the pump
takes to increate its output flow from a minimum to maxirnum —alue. Pres-
sure at this time is difficult to calculate accurately because the accumulator
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Figure 30. . Pump Failure Rate

is discharginy, which reduces pressure, and the pump flow is increasing,
which increases the pressure. As a result, the minimurn design pressure
will be obtained simply by averaging initial system pressure with the result-
ing accumulator pressure obtained after the period of time that corresponds
to the2 pump time constant. Charging or compression of the gas in the accu-
muiator will be considered an isothermal procees and discharging or expan-
sion of the gas will be an adiabatic process,

The pump time constant, as shown by Figure 31, is only 0.06 sec. Witha
control surface rate requirement of 40°/¢ec, the control surface will travel
less than 1° before the pump will be able to put out 100% flcw when starting
from 5% at a nominal speed. As a result, the minimun acceptable pressure
when using flow from the accumulator will be assumed to be 2,400 psi. This
is arbitrary and is set at this low pressure because the longest it can last is
only 0.06 sec. The flow required from the accumulator when increasing the
demand from 5% to 100% by stepping valve position is shown by the triangle
on the previous sketch that is bounded by the pump flow and 100% flow lines.
Assuming that 100% flow is about 30 gpm, the accumulator flow is

i k.




Table II

ACCUMULATOR SUMMARY SHEET

FRLE h
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ACCQ = Area of triangle ABC
.3
_ (1Y){30 gal) 3.85 in” -min.
- (Z)( min. )(0'06 sec) ( gal-sec )
= 3.47 in.3

With a 5-in. spherical accumulator precharged to 2,000 psi and an initial gas
volume of 60 in.3, an isothermal filling to 3,000 psi will result in a new gas
volume of

<
i
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171 2 2
2,00G (00) = 5,009 \'vz;
vV, = 40 m.3




If 3.47 ".n.3 of fluid i5 used, the resulting pressure following an acdiabatic
expansica will be

1.4 _ 1.4
PZ V2 = P3 V3
1.4
_ 40 ‘
P, = 2,670 psi

The minimurn calculated pressure would be, therefore,

P _ 3,000 + 2,670
min. 2

2. 835 psi

which is well above the minimuri allowable pressure. This particular accu-
taulator also can be used with systems of larger flow capacity. Working
bockwards, starting with a minimum allowable pressure of 2,400 psi and
maintaining a 2,000 nsi precharge, 100% flow can be as high as 153 gpm.

This type of accumulator is quite flexible and is, therefore, independent of
system flow. As a result, its cost, size, and reliability will be assumed
-onstant and will have the following values:

Cost - $ ACCC = 150.
Size - in.3 ACCV = 90.
Reliability - failures ACCR = 12.3

per 106 operating hours

The weight, however, is a function of przssure and can be approximatea by
the straight-line relationship shown by Figure 32.

Based on the above data, accumulator wsight as a function of supply pressure
can be expressed by

ACCW = 3+ (PRES - 1.000)(10'3).
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3. THE RESERVOIR

Table III summarizes the parameter relationships associated with the reser-
voir. Derivations of these relationships foliow the summary sheet. ;

a. FKReservoir Weight |

The reservoir size is dependent on the quantity of fiuid in the system.

Because the tubing contains most of the fluid. reservoir design is primarily :
a function of tube size. Weight, therefore, can be calculcted by a standard -L
Douglas czlculation used for preliminary sizing, as follows:

1. Assume a tubing fluid weight (TUFLW) and then add a number of 1
factors.

[AN]
»
13
1
-+
ir
i )
L]
i ]
J—t
19
<

ransion factar = 5 5% (TUFLW).
3. Add leakage factor = 5% (TUFLW).

4. Add accumuiator fiuid weight = ACCFLW.
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TABLE III
RESERVOIR SUMMARY SHEET
FRLE
NAME ;. _ RESERWIR SymboL 2 . __ __ __
/NPUTS: 1. L kL ¥, Oururs » & %
—_—— e — —— x E &
—_—— LI T S
e X ED o
R L) R

—— —— —— — E——— ————

_QUTPUT EQUATIONS

Wf/éﬂf e N = 1,584,215

Cos7 R E C - 245.+,91%MUFLN
Eevnopry X B A __ "1
Mength R E L = 9.4 18MTURL
Dismeter R E D = 6,+,04¥TUFLY

NOTE £S% Data obtained from Alrcraft Divistom, Douglss Atrcraft Co.,
wong Beach, Califc.mia.




10.

Total these {luids weights and add more factors.

The sum of these weights is:

Total = TUFLW +5.5% (TUFLW) + 5% (TUFLW) + ACCFLW.
Add thermal expansion factor again =5.5% (toral).

Add leakage factor again = 5% {total).

Add accumulator fluid weight again = ACCFLW.

The total of 6, 7, and 8 is the reservoir fluid weight, so
REFLW =5.5% (total) + 5% (total) + ACCFLW.

Reservoir hardware weight is 85.5% of its fluid weight, so

REW = REFLW (1 + 0.855).

Assuming a nominal accumulator fluid weight of ! 1b, the reservoir weight
can be approximated by the following straight-line relationship shown by
Figure 33.

WEIGHT (LB)

—
2

0 n W o
TUBING FLUID WEIGHT (LB)

-]}
=T

Figure 33. Reservoir Weight Data
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Based on the above data, reservoir weight as a function of tubing fluid weight
can be expressed by

REW = 1.8+ 0.219 (TUFLW)

Because return pressure will not vary appreciatly and because the major
portion of the reservoir is concerned with return pressure, it will be
assumed that the reservcir constraints are not functions of the supply
pressure.

b. Reservoir Cost
The variation in cost will depend on the change in the amount of material
required because the same configuration will be used in each case. Even
though this change is minor, the relationship shown in Figure 34 will be used

to determine recervoir cost.

Based on the data shown in Figure 34, reservoir cost as a function of tubing
fluid weight can be expressed by:

REC = 245+ 0.91 (TUFLW)
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fFigure 34. Reservoir Cost Data
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¢. Reservoir Size

Berause of the odd shape of the reservoir (a large diameter at only one end
and a quite small diameter at other end), the large diameter and overall
length will be considered instead of the total volumc. Assuming that a diam-
eter and stroke combined change occurs wheu its capacity changes, the
reduction in these dimensions for a change in capacity will be:

Letting
v = KD%s
where
V = reservoir fluid capacity.
D = large reservoir dianyeter.
S = reservoir piston stroke.
K = proportionately constant.

Then a 50% reduction in capacity will result in

¥ = 7 KD%s
2
- % (7))

& (B9) (r%)

Using standard reservoir design procedures and a straight-line relationship,
the calculated variations in length and diameter can be shown by Figure 35.

From the above data, reservoir length and diameter as a function of tubing
fluid weight can be expressed by

REL 9+0.18 (TUFLW)

RED » + 0,04 (TUFLW)

d. Reservoir Reliability

Reservoir reliability will be assumed constant because the sama configura-
tion will be used in each case. DC-8 reliability data indicate a failurg¢ rats
for bootstrap-type reservoirs to be on the order of 16 failuras per 10° oper-
ating hours. Therefore:

RER 16

QRPN -
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Figure 35. Reservoir Size Data
4. TUBING

Table IV summarizes the parameter relationships associated with the tubing.
Derivations of these relationships follow the summary cheet.

a. Tubing Weight

Standard Douglas tube sizes used for a 3,000-psi system are shown in
Table V.

The corresponding plumbing weight in Ib/ft which includes fitting, clamps,
and fluid can be approximated by the straight-line relationship shown in
Figure 36.
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TABLE IV
TUBING SUMMARY SHEET (Sheet 1 of 8)

FRLE
NAME . TUsING Symbol. X_8
T 1] | | ] 1
INPRTS: 3.0 w8 2 _ Ouptrs 3z o v
X 9. % a1 oyl Oy =y
pr sl v 8w AL _2 I8 R __
PPt x v e 81 r v > r
pr ALl 8o e s 2 S-S0 B B B S
D P A L 2
T 1) [ A A L 1} T |} | 4 | | |
T | } C A L 2
—QUTPUT EQUATIONS
WEVLH7 X B v = TN 4 TINS2 ¢ TWNALL 4 TINAL?
Cos7 T w ¢ = TUCSl+ TUCS2 ¢ TUCALL + TUCAL?
SITz2E e N K
Eeurbmry 1. 8 & . _ = M,
Pressure Loss _'t__l!_.l’___i’______- pPSl + P22 4 DPALL 4+ DPAL2
Pressure lLese
at -40°F ._I.L.P_._’__,‘___' DPS14 + DPS24 ¢ DPALLL 4 PPAL24L
Twbing VFiwid
NMeight T © ¥ L W = TASL4TRUS2 & TIWALL 4 TIWAL2

/VO)'Z—'_S: Deta ~atained fiem Aircraft Pivision, Dowglas Adrcraft Co,,
Long Beech, Califormia,

e L gm o g e B Dt o Bphd R STLE Pk T ko el It
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TABLE IV (Sheet 2 of 8) ‘

IPhE

ADDLTIONAL DEryTs

NAL/E . s Syatb0l. 1 3

vy re—— S——— 1

NAUTS: 2.2 8 2 & Oupurs =
D P AL 1 ¢ — e e e
D P A L 2 4

T—— e ety c— —— —————

T e e e ————— ———

R

T ¥ w s 2
‘-—-—-—u——m————— ———— r———

T r w A L 1

T r u A L 2

Werispr

cos— _ __ _ —= ‘1

SI2E e -

Levasry __ __ __ }
|

4
NOorEs o :

LI

Wy

PR I OOBI # 3b owgm. st ~ P
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TABLE IV (Sheet 3 of 8)

FPAKE

NAME . _1 s SYMEOL. I B g e
JNPUTS: D2 o8 . OdPurs v w_ s 1 ___

J v v 3 0}
P _3_X_ _5 (%00

S SR : O SN S W——
i N JEpS. S U —

I S S 2 TIPS U S
e e o ST Ny e B O gl P
OUTLPUT t;(DL[/) 7/0MS
WE/LH7 1 ® v 8 1 =(3114 Lesms)- 2 )
Cos7 19 € 8 1l __ e liseiemusiscl+000l3ePaES-00003)
ST 2E "o w8 £
Feunsiiry . _ __ . _Semw
Pressure Loes
at -40°7 D P 5 1 4 = 2,65TULS1eeDELNe(-3,38) (14,0002 (PIS-T000 #2
Tubing Fluid o29ISTULS14( (. 4304,882(DS1=,5)) 4(1,=2,4E=09¢
Welght 1T r v s 1 __ - (PRES-3000,) #22)

Pressure Lose

e G—— —  EP— T S— ——

LOD170S4TULS1(8. 84Q) #41, 75408 144 (4. 93) '
SDor s 3 = (14.00034(FRES-2000,)

NOTES”

Lquations for pressures grezter tham 3000 pai.




TABLE IV {(Sheet 4 of 8)

FoLE

/@cghﬁfzf : #1 STEEL TUBING

' (PRESSURE SYSTEM)

SYr1EoL I Y. 8 A

NPUrs: b 8 163  QOumrs TV o8 1
T s _ts t_ 1 v c s % _
P _R _E S (¢ 300 .pr s 1
AN D ¥ 5 1 4
_______ X X A S __ A

ME/LHT T v % 8 1 = (,3114.,64(D81-,5))4TuLS1
Cos7- 1 v ¢ 5 1__ = l.3mslemiisl

SI2zE x o w» ® _

FELOBIITY  _  _ __ ___  Sea M

Dreazurs loss . D. P _S_ L . ___ ° J001705*TULSL*(F 1) Lid s
Pressure Loss

at -40°F D P8 1 & e 2,69%TULS1M*DS18+(~3.98)

Tubing Fluid

Jeight TP M5 1 e 2934TULSIA(.AJ0+.88%(D51~,5)) #a2

|
|
|
l

|
l
|
|

/\/0?'[5: Equations for pressures aquai tc or less than 3000 pei,
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TABLE IV (Sheet 5 of 8)

PALE
NAME . 12 ST TG Symsol. 18 8 2 __
(PIESSURE STSTEXN)
i
JNPRTS: B8 208 = Qupwrs I 9 v 8 1

ey Senne R ¢ ST S—— S—

WE/LH7 3 ® 8 8 2 e (,31361,60(182-,5)) *TURS24(1,+,00012(PRES-3000.))
COS7~ _I__8 C 8 2 = 1.3%62TIR52%(1.+.00013(PRES-3000.))
SI2E 3 o 3 3 __ o

See TV !
fm»aa.,,._____ —

at ~40°F P P 8 2 & ® 2,590TULS20QADS 244 (~3,98) #(1 ,+,0002+ (PRES-J00)*2 \
Tog Autd <2934 TU824((. 430+ SIS, =2,
duaight T v v 2 = (PRES-3000, ) *42) !
T L0G17034TULEZ (4. 43Q) 441, 15808244 (~4,93) * o
Pressure loss O P _l 2 Y * (1.+.0003=(PRES-3000,)) !

NOTES? Equatione for precewres grester tham 3000 pei,
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TABLE IV (Sheet 6 of 8)

I P —

FAOLE
NAME . 12 SIEEL TUBLEC Sympol T 8 8 2 _
(PRESSURE SYSTEM)
JNPUTS:, B s 2 .8 QOuAwrs 18 v 8 2
v s o2 BT RFUICIEDS S 2L
P _R E__S (€23000) L J S T B
. e =— L r.s_ 2 A _
—— S NE G N B N
_QUTPUT  ZQUAT/ONS
WEWHT T 8 85 3 _ = (IU4L64(052-,5))eTns2
Cos7 T V¢ s 2 = 1,30524TUS2
I 2E AL GRS e e —" S —
EELREITY — o e o e See TV
Pressure los= D P 5 1 _ = .0017054TULS2¢(4.4%0;#%1,754DS244(~4,93)
Pressure Loss
st -40°F P P 85 1 & = 1.354TULS26Q4DS244(~3,98)

Tubing Fluid
Veight

NOTES®

= ,2934TULS2%( . 430+, 88+ (D82~.5) ) #42

-

Equations for pressures equal t. or lese than 3000 pei.




TABLE YV (Sheet 7 of 8)

FRULE
NAME ; A3 ipasm Tt SymSol. I 8 A L 2
(RETUAE SYSIEM)
JNVPUTS: B A L 10  Quars * 0 % At 2
LI S W S I v o ¢c AL &
L ——— LI S S T S
S el SBoELA N A
—_————— T r v AL 2

» (,1624,595%(DALY-,5)) *TULALL

L 1
L 1 = 222%DALIATULALL

fes TU

e ,0017054TULAL1® (8,8M)#4), 7590ALI*#(=4,93)

= 2,69TLALIAQADALAM -3, 98)

®  ,293*TULAL1IV(.AJ0% 88%(D8]1~,5)) ##2d

NOrEs:®

7

Crd

e
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TABLE IV (Sheet 8 of 8)

FRLE
NAME . _12 ALBaNom TUBING SympFol. 1. Y A L _2
(RETURN SYSTEM)
INPUTS, B A L 2 v OuAers 1_ 8 W A L 2

A A—— et A———— S— —o——

Cos7 T 8 € A L _2 = .2220DALZATULAL2
ST z2E s o x ® 0 _ -
EFELABIITY o — . . o e _See TV
Pressure loes D P A L 2 _ = ,001703%TULAL2%(A,A%Q) %1, 7SCDAL2##(-4,93)
Pressure Loss
at_-40°F B2 ko 2 & = 1, )3%TULAL2#QADAL2#N(-3,98)
Tabing Piutd
Veight T ? . w A i_ - _.393'!‘0!.&!.2“)‘(.6300.000(!!2-.5))"2

NO/ES®
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Table V
STANDARD PLUMEBING SIZES

Wall thickness

Tube size Steel Aluminum
{in.) (supply system) {return system)
172 0.035 0.042
5/8 0.042 G.049
3/4 0.049 0.049
1 0.065 n.049
15
~ L0
g STEEL
-
]
w
. u —
/ ALLMSI
/
0
0 82 04 [T 03 10

Figore 36. Plombing Weight Data
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Based on the above data, plumbing weight in 1b/ft of length for a 3, 000-psi
system as a function of the tubing's outside diameter can be expressed as
follows:

For steel
TUWSF = 0.311+1.6 (DS - 0.5)
For aluminum
TUWALF = 0.162 + 0.695 (DAL - 0.5)
where
DS and DAL 2 0.5

As the plumbing is divided into two categories, the total plumbing weight will
be:

Total tubing weight No. 1 steel + No. 2 steel + No. | aluminum

+ No. 2 aluminum

TUW = TUWS 1+ TUWSZ + TUWAL 1 + TUWAL 2
where
TUWS 1 = [0.311+1.6 (DS -0.5)] TULS 1.
TIUWS 2 = [0.311+0.16 (DS 2 - 0.5)] TULS 2.
TUWAL 1 = [0.162 + 0.695 (DAL 1 - 0.5)] TULAL 1.
TUWAL 2 = [0.162 + 0.695 (DAL 2 - 0.5)] TULAL 2.

To maintain about the same stress levels in the tubing at various system
pressures, wall thicknesses will change, and this, in turn, will affect the
weight. Crrrently, all the required combinations of standard wall thick-
nesses and tube diameters for the higher pressure systems are not available.
However, it will be assumed that they would hecome available if the weed
existed in quantities to make their manufacture worthwhile. The diameter
and wall thickness camhinatione which could bs uscd for the sicel pressuie

lines are shown in Table VI,
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Table VI
PLUMBING SIZES AS A FUNCTION OF SYSTEM PRESSURE

Pressures (psi)

3, 000 4,000 s, 000 6, 000
Tube size
(in.) Wall thickness
1/2 0.035 0.049 0.058 0.065
5/8 0.042 0.058 0.065 0.083
3/4 0.049 0.065 0.083 0.095
1 0.065 0.083 0.095 0.120

A weight calculation indicates an increase of about 12% at all tube sizes for
each 1, 000-psi increase in pressure. As a result, the plumbing weight
expressed as a function of tubing diameter and system pressure is

TUW = [TUWS 1 + TUWS 2] {1 + 0.00012 (PRES - 3, 000)}
+ TUWAL 1 + TUWAL 2

where
(PRES - 3,000) 2 0 ,

Because the return pressures will not appreciably change regardiess of the
supply pressure, it will be assumed that the return system plumbing weight
will not change as a function of pressure.

Because the reservoir design is a function of the fluid weight in the tubing,
the weight of the fluid will be calculated separately.

Using the following expression between the tubing inside and outside diameter
for a 3,000-psi system.

TUID = 0.430 +0.88 (D - 0.5)

where

D zo0.5,
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the fluid weight per foot »f length expressed as a function of the tubing outside
diameter is

TUFLWF = 0.293 [0.430 + 0.88 (D - 0.5)}°

Fluid specific gravity was assumed constant at a value of 0.86. it was also
assumed that the effect of the difference of wall thickness between the steel
and aluminum tubinq for a 3, 000-psi system is negligible, so that the above
expression would apply to both types of tubing.

Separating each tube category results in the following expressions:

TUFLW = TFWS1+ TFWS2 + TFWAL 1 + TFWAL 2

where
TFWS1 = 0.293.(TULS 1) [0.430 + 0.88 (DS 1 - 0.5))
TFWS 2 = 0.293 (TULS 2) [0.430 + 0.88 (DS 2 - 0.5)}%
TFWAL 1 = 0.293 (TULAL 1) [0.430 + 0.88 (DAL 1 - 0.5))
TFWAL 2 = 0.293 (TULAL 2) [0.430 + 0.88 (DAL 2 - 0.5)}%

Use of the higher-pressure systems with the thicker-walled tubing results in
less {luid weight. Referring to Table VI, the reduction in inside diameter for
each 1, 000-psi increase in pressure regardless of tube size, averages out to
be 4.9%. As a result, (TUFLW) with a rressure term added will be

TUFLW = [TFWS 1 + TFWS 2] [l - 2.4 x 10~7 (PRES - 3, 000)%]

+ TFWAL ! + TFWAL 2
where
(PRES - 3,000) 2 ©

b. Tubing Cost

Costs for tubing, fittings, clampe, and an arbitzary quantity can be approxi-
mated by the straight-line relationship as shown in Figure 37,

Based on the foregoing data, plumbing cost in dollars per foot of length for a
3,000-psi system as 2 function of the tubing's outside diameter can be
expressed as follows:

For steel

TUCSF = 1.3 (DS)
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Figmre 37. Plumbing Cost Data

For ziuminum
TUCALF = 0.222 (DAL)
As a result of the division of plumbing lengths, the total cost will be

TUC = TUCS 1+ TUCS2 + TUCAL 1 + TUCAL 2

where
TUCS 1 = 1.3(DS1)(TULS 1)
TUCS2Z = 1.3 (DS 2)(TULS 2)
TUCAL 1 =-0.222 (DAL 1) (TULAL 1)
TUCAL 2 = 0.222 (DAL 2) (TULAL 2)

T
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Calculations indicatz about a 13% uicrease in cost for each 1, 000-psi increase
in pressure above 3,000 psi. As a result, the plumbing cost expressed as a
functior of tubing diameter and system pressure is

TUC = [TUCS 1 + TUCS 2][1 + 0.000131(PRES - 3,000}
+ TUCAL 1 + TUCAL 2

where
(PRES - 3,000) =2 0

c. Tubing Size

Tubing volume (and the space it occupies) normally does not affect the corre-
sponding vehicle envelope requirements for this type of aircraft; therefore,
these factors will not be considexed in this study.

d. Tubing Reliability

Tubing reliability will be considered constant regardless of tube size because
the thicker wall tubing is used with the higher pressures. Thus, for each
case, about the same maximum stress level is retained. A failure rate :
obtained from a FARADA Handl'ook for a horizontal stabilizer hydraulic tub-
ing assembly is 44 failures per 1i" operating hours. Therefore,

TUR = 44

e. Tubing Pressures Loss

The tubing pressure losses and fluid temperatures are interrelated. There-
fore, to calculate these losses, a fluid temperature will be assumed. Because
this is a simplified hydraulic system and to reduce the comgplexity of the
pressure loss calculations, the fluid temperature will be assumed to be a
constant. Based upon the hydraulic system design capabilities generated dur-
ing the C-5A proposal effort, a fluid tamperature of 120°F will be used.

With 120°F fluid and flows in the low-turbulent region, the pressure loss can
be approximated by a straight-line relationship on a log-log plot, as shown
by Figure 38,

Based on these data, tubing pressure loss per foot of length as a function of

tubing fluw and tubing outside diameter for a 3,000-psi system can be
expressed by

TUDPF = (TuQ)'" "> [0.00155 (D)% 93]

It was assumed that the effect of the difference in wsll thickness between the
ste~] and aluminum tubing for a 3,000-psi system is negligible, so that the
above expression would a, ply to both types of tubing.
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Adding 10% of (TUDPF) for pressure losses in plumbing bends, fittings, and
other small components not considered in this study, and ssparating each
tube category, results in the following expressions for line loss as a function
of valve flow, line length, and line diameter,

TUDP = DPS1+DPSt?+ DPAL 1 + DPAL 2

where
DPS1 = 0.001705 (TULS 1) (8.80Q)} ' 7% (ps 1)~%-93
DPS2 = 0.001705 (TULS 2) (4.4Q) ' 7> (Ds 2)~%+93
) 1.75 -4.93
DPAL1 = 0.001705 (TULAL 1) (8.8Q)1" 7> (DAL 1)
DPAL 2 = 0.001705 (TULAL 2) (4.4Q)1- 7% (DAL 2)°%-%3

Use of the higher -pressure systems with the thicker -walled tubing results in
smaller flow areas and more pressure loss. Referring to Table III, the
reduction in inside diameter for each 1, 000~psi increase in pressure regard-
less of tube size averages out to be 4.9%. The corresponding increase in
pressure loss is about 30%. As a result, (TUDP) with a pressure term added
will be:

TUDP = [DPS 1+ DPS 2} [l + 0.0003 (PRES - 3, 000)}

+ DPAL 1 + DPAL 2
where
(PRES - 3,000) 2 0

f. Tubing Size Limitation

Because a relatively high fluid temperature wae used for the tubing pressure
loss calculations, selection o* a low limit on tube size was necessary to
ensure that.the system would have sufficient actuator AP to perform satisfac-
‘orily at lower temperatures. For this application, a low temperature of
-400F has been selected, and satisfactory performance at -40°F has been
defined as being able to obtain about 25% of maximum control surface rate
with zero hinge moment. This means that the tubing pressure loss at -40°F
¢ annot exceed the difference between the supply pressure and the required
ve va AP. In an actual application, the zctuation eyatem performance should
be checked at various fluid temperatures after the tubing sizes kave been
eelectad to ensure that the system meets the different satisfactory perfor-
mance r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>